The base sequence analysis of a Xenopus laevis ribosomal DNA repeat (7) has been extended to cover almost the entire non-transcribed and external transcribed spacer. A compilation of these sequences is presented. All the repetitive and non-repetitive sequence elements of the spacer are .Identified and their evolution discussed. Comparison of the X.laevis and S.cerevisiae (25, 26) ribosanal ENAs shows about 80% sequence conservation in the 18S gene but no sequence conservation,from the available data,in the external transcribed spacer. The sequence coding for the 3' terminus of the X.laevis 40S ribosomal precursor ENA is presented and its structural features analyzed.
INTRXUCnON
The repetitive ribosomal genes of eukaryotes are clustered at the nucleolar organizer, ccnmonly equated with the secondary constriction observed in metaphase chromosomes. During the cell cycle the chromatin of the nucleolar organizer undergoes dramatic structural changes. In certain heterospecies hybrids the appearance of a secondary constriction is suppressed in one chromosome set (1) , while in other such hybrids the secondary constriction is seen but no nucleoli are organized (2) and only one set of ribosomal genes is activated in early development (3) . Quite possibly, the ribosomal spacer DNA may play a role in these suppression mechanisms since this DNA is known to differ extensively between species, unlike the ribosanal FNA coding sequences which are highly conserved.
In the past the non-transcribed ribosomal spacer DNA was considered to be biologically inactive. Recently however, it has been shown that replication of ribosomal ENA (rCNA) initiates in the non-transcribed spacer of Drosophila melanogaster (4, 5) . Furthermore, a regulatory phosphoprotein which binds to the rDNA spacer of Physansn polycephalunr has recently been discovered (6) .
In order to understand the molecular basis of the structural and functional properties of the riboscmal gene and its spacer it may be essential to know the primary structure of this DNA. (Xir previously published sequence analysis has revealed that the spacer DNA of a cloned rDNA of Xenopus laevis includes a variety of repetitive and non-repetitive elements interspersed with one another (7) . Most strikingly, however, we discovered that the putative promoter sequence lying immediately upstream of the 5 1 end of the 40S pre-FftIA coding sequence has, in evolutionary terms, been reduplicated (8) and can now be found in nearly unmutated form as the socalled Bam Islands transposed into spacer DNA. In the related species Xenopus borealis, a similar situation obtains in that a 40 bp sequence bridgirag the 5' terminus of the 4OS coding sequence is seen to be repeated several times in the spacer DNA (9) . Embedded in this repeated DNA element there is a short sequence which is held in common between the two species (9) pointing to a highly conserved and important function such as initiation of transcription. Whether the reduplication of the Bam Island-5' sequence motif is of biological significance remains to be established.
Using the poly(dA) tailing technique for rapid ordering of DNA fragments (8,1O) and DNA sequencing we have now an appreciation of almost the entire rDNA gene spacer sequence) (7) ,this paper and unpublished results) stretching from the 28S to the 18S coding sequences with the principle exception of the coding sequence at the 5' end of the 18S gene and of the repetitive region 3 which is virtually identical to repetitive region 2 in its restriction pattern (7) and hence does not warrant a special investigation.
We present a sequence compilation and make some additional comments on the evolution of spacer DNA. We also discuss some interesting structural features of the region coding for the 3' end of the 28S RNA which is thought to contain the termination signal for transcription.
MATERIALS AND METHODS
Restriction enzymes were obtained from New England Bio Labs, terminal transferase fran »Boehringer Mannheim, bacterial alkaline phosphatase from Wbrthington Biochemical Co. and T 4 poly-nucleotide kinase from P-L Biochemicals . \ exonuclease, prepared essentially as described by Radding (11) Poly(dA) tailing The 6.6 kb rENA insert of pX1108 was excised and purified by CsClactinanycin centrifugatlon as described previously (12) . Endonuclease cleavage was carried out under conditions recommended by the enzyme supplier.
O.Sroj of the 6.6 kb fragment was incubated at O.llmg/ml with 600 units/ml \-exonuclease (*Exo) in 67mM glycine-KDH pH 9.4, 2.5irM MgCl,, (13) at 14°C.
Digestion was terminated after 2 1/2 min, in the case of the intact 6.6 kb fragment, or after 6 min, in the case of the Bam Hi restricted fragment, by addition of EOTA to lOrtt and NaCl to 0.3M, both on ice. The solution was then extracted twice with phenol-chloroform (1:1, v/v), twice with chloroform-isoamylalcohol (24:1, v/v) and the ENA ethanol precipitated. The \-EXD treated DNA was incubated at 1.2mg/ml with 730 units/ml (-vO.lmg/ml) terminal transferase in lOCmM Na cacodylate, pH 7.0, 8mM MgClj, imM dATP (14, 15) , 6OviCi/ml (^-dATP for 30-40 min at 37°C. The reaction was terminated and the ENA recovered exactly as described following \-Exo treatment.
Partial restriction and poly(dT) cellulose chromatoqraphy
Partial restriction was allowed to proceed until only a third of the initial DNA fragment was left intact. This extent of restriction was calculated to give the maximum yield of the larger restriction products (1O) .
Restriction was terminated by addition of E37EA to lOmM, the solution was diluted five times with 0.4M NaCl, ICmM Tris-HCl pH 8.0, ImM H3TA and applied to a 0.4ml column of poly(dT) cellulose equilibrated in the same buffer (16) .
The column was then washed with several millilitres of application buffer and the poly(dA) tailed fragments eluted with one bed volune of lOnM Tris, lraM mm, pH 8.0.
DNA sequence analyses were performed according to Maxam and Gilbert (17) with the later modifications (18) .
Strand separation after poly(dA) tailing
The DNA in lQmM Tris-ICl, luM EDTA pH 8.0 and at a concentration low enough to prevent rapid renaturation was heated to 100 C for 5 min in a siliconized E£>pendorf tube, then cooled on ice. NaCl was added to a final concentration of 0.4M, and the solution applied to a 0.4ml poly(dT) cellulose column, as described above. The column was washed and eluted as above except that the eluant was collected and further handled in siliconized equipment to reduce losses.
RESULTS AND DISCUSSION

Strategy of sequence analysis
The poly(dA) tailing-partial restriction technique described previously (8,1O) was adopted to facilitate the sequence analysis of the Xenopus laevis ribosomal spacer DNA contained in the recambinant plasmid pM_108 (7) . The technique, which has also been applied to transcript mapping (8) , has several distinct advantages over the more classical methods of fragment preparation generally employed for sequence analyses: a) the fragments obtained overlap each other and thus sequence overlap is usually also obtained; b) fragments are automatically ordered by their size and are usually separable by gel electrophoresis. This is also the case when the DNA contains highly repetitive elements and c) secondary restriction or strand separation to obtain unique labelled fragments is usually unnecessary. By way of illustrating the technique/ the strategy of sequence analysis of a repetitive spacer region is described in detail below. The 6.6 kb rDNA fragment , obtained from pXL 108 by restriction with EcoRI and subsequent separation on a CsCl actinanycin gradient (12) was poly(dA) tailed at its 3' termini using terminal (deoxynucleotide) transferase and then restricted with Bam HI (Fig.la) . The resultant fragments were separated by preparative gel electrophoresis (19) and the 2.2 kb left hand fragment subjected to partial restriction with Hinf I. The poly(dA) tailed fragments were separated from the untailed fragments by affinity chrcmatography on poly(dT) cellulose, 5' 32 P labelled using polynucleotide kinase (PNK) (20) and fractionated by gel electrophoresis. The purity of the fragments recovered after electrophoresis is demonstrated in Fig.lc . These fragments were subjected to DNA sequence analysis (17) .
In a second experinvatt (see Fig.2a ) the 6.6 kb rDNA fragment was restricted with Bam Hi and then the mixture of fragments poly(dA) tailed with transferase before separating than by gel electrophoresis. The left hand fragment ( Fig.2a) now poly(dA) tailed at its EcoRI and Bam HI termini, was partially restricted with Hinf I, the poly(dA) tailed fragments selected on poly(dT) cellulose and these DNA fragments 5 1 32 P labelled using PNK (2O).
The 5 1 labelled poly(dA) tailed fragments were restricted to completion with Alu I (Fig.2a) , and again passed over a poly(dT) cellulose column. tailed fracjnents were fractionated by gel electrophoresis (Fig.2c ) and each fragment sequenced directly. In this way sequence data was obtained frcm each Hinf I restriction site in both directions, i.e. towards the EcoRI site using the untailed fragments and towards the Bam HI site using the poly(dA) tailed fragments. and asymmetrically T>-labelled is clearly seen from the comparison of "G"-tracks (Fig.3a) . It should be particularly noted that in the case of the poly(dA) tailed fragments (see Fig.3b ) no T>-label is detected adjacent to the poly(dA) tail. The 3' poly(dA) tail obviously strongly inhibits 32 Plabelling of the 5 1 terminus of the adjacent DNA strand.
If the poly(dA) tailed fragments are denatured before 5' labelling (17) , as might be necessary after partial restriction with enzymes producing "flush ends" or "3' overhangs", the untailed strand will clearly also be labelled. However, in such a situation it is possible to separate the poly(dA) tailed strand from the untailed strand on a poly(dT) cellulose column and thus to facilitate sequence analysis (see Materials and Methods). This approach has recently been employed to "strand-separate" ENA molecules on a preparative scale (T. Moss, unpublished results).
The poly(dA) technique was also applied in two further experiments Since the X.laevis ribosomal spacer DNA is extremely GC-rich and often palindrcmic in sequence, some difficulties were encountered in its analysis.
While very often attempts were made to sequence both strands of the ENA, thxs (1) to (8) were obtained using respectively the fragments of tracks (3) to (10) 1 1 1 1 1 1 1 1 1 1 1 1  1 
Fig.4. The compiled sequence data of the X.laevis rDNA spacer fragment of pXl 108 (7). The data is a compilation of that previously published (7) and that presented here. The extent of homologies between the Bam Islands and the 4OS 5' terminal region are indicated by underlining, the transcribed regions are indicated by shading . Derivations of the sequences presented here are shown as line-diagrams where the arrows indicate the origin, direction and length of each sequence obtained. Uncertain bases are indicated by a heavy dot and sequences determined on both strands by a fine broken line.
one strand only, although the latter have usually been determined several times, and have denoted uncertain bases by a heavy dot.
It should be noted that the previously published sequences (7, 8) 
Sequence organization in the Xenopus laevis rENA spacer
Itecent work frctn this laboratory (7) has identified the major regions of X.laevis ribosomal spacer ENA. The extensive sequence data presented here however allows a more detailed discussion of the organization and evolution of the spacer ENA.
Firstly, we identify, in addition to the regions previously defined (7), a minor repetitive region which, in line with the previous nomenclature (7) we refer to as repetitive region 0. We also conclude that no further highly repetitive regions exist within the spacer ENA (Fig.4 and T. ttoss, unpublished data).
Repetitive reg.2 and 3. These units together form the so-called "super repeats" which are seen in various multiplicities in all X.laevis rDNA spacers so far studied (7, 21) .
For convenience we define here the term Bam Island (7) as the region of homology between the sequences surrounding the Bam HI restriction sites.
Ite 5' boundaries of the Bam Islands 1 and 2 then lie respectively at sequence positions 2O97 and 3212 as indicated in Fig.4 . Fran our sequence data it is not at present possible to accurately define their 3' boundaries.
However restriction data (7) with the 40S initiation site. However they differ significantly frcm each other near their boundaries with and just within the adjacent repetitive regions (Fig.5 ) .
As previously demonstrated (7) Thus in the case of pXllO8 a "SIB I" mutation is confined to all units of one repetitive region while in the case of pXlrl4 and 15 it is probably confined to only one unit of all analogous repetitive regions. This is clearly not to be expected if unequal cross-over operates throughout all spacer regions.
Secondly, restriction data for two independent X.laevis rDNA clones (21) indicates that the length of a "Bam super-repeat" (i.e. Bam Island and repetitive region) is essentially constant within a given spacer but differs between spacers. This is also inconsistent with a simple model of unequal cross-over.
Seme aspects of the Keyl model of "reduplication and insertion" (24) would however be consistent with the above observations. function. Bearing this in mind it is tanpting to speculate on the possible evolution of the ETS.
It was argued earlier (7, 8) that the NTS of X.laevis rDNA probably evolved in part by the reduplication of the presumptive promoter sequences and this appears also to be the case in Xenopus borealis (9) . It has further been demonstrated that in E.coli the rFNA operons have duplicate promoters (31) (32) (33) . Thus it might appear, that a general property of the ribosanal operon is to reduplicate its promoter sequence. If, however, after duplication of the promoter region the original promoter were to become inactive an ETS would essentially have been produced. It is then possible that the ETS ob- and 51O-61O respectively, occurs in its immediate vicinity. Since the X.laevis OTS has on average a QC content of about 8O%, such a transition is itself consistent with the transition from gene to spacer.
The termination of transcription in E.coli-related rho-independent systems occurs almost invariably downstream of a GC rich sequence which when transcribed is usually capable of forming a stable hairpin loop (35, 36) .
Recent data suggests that this could also hold for eukaryotic genes transcribed by polymerase II (18) . Further E.coli-related rho-independent termination occurs within an oligo(dT) tract or AT rich sequence of six or more nucleotides (35, 36) and a much longer poly(dT) tract may be involved in S.
cerevisiae 5S PNA termination (37) . Interestingly it has been shown that in vitro termination of Tetrahymena rFNA synthesis is dependent on a low molecular weight protein factor (38) ,thus conceivably this could also be the case for X.laevis rKNA synthesis.
In conclusion, we have approached the problem of ribosomal gene spacer function by firstly analysing the primary structure of such a spacer from Xenopus laevis. This primary structure analysis has been instrumental in the identification of a putative promoter for the 4OS pre-rRNA transcript (7) (8) (9) , has shown that this putative promoter is reduplicated (7, 8) and has revealed the rather complex arrangement of repetitive and non-repetitive sequence elements within the spacer (7 and the present work).
The present work essentially completes the primary structure analysis of this ribosomal spacer and lays the foundation upon which detailed functional tests may be devised.
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